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Surface areas of brush border and lateral cell walls in the rabbit
proximal nephron. A morphometric technique is used to estimate
the absolute and relative surface areas of the brush border micro-
villi and cell walls bordering lateral intercellular spaces. In isolated,
perfused proximal tubule from rabbit, the luminal and lateral sur-
faces are equal in area. For proximal convoluted tubules (PCT)
each surface is 4.1 0.3 2/3 of epithelial cell volume or approx-
imately 2.9 X 106 s2/mm of tubule length. In proximal straight
tubules (PST) the areas are 2.6 + 0.2 ,2/.s3 or 1.2 >< 106 M2/mm.
Brush border enlarges the apical cell surface 36-fold in PCT and
15-fold in PST. The luminal and lateral cell surfaces each are
approximately 20-fold (in PCT) and 10-fold (in PST) greater than
the areas of the basal cell surface and tubule basement membrane.
These data may be important in the context of an intercellular
transport model.
Surfaces des parois cellulaires luminale et latérale du tube prox-
imal du lapin. Dans les modèles de transport intercellulaire cou-
ramment acceptés, les parois luminale, et latrales des cellules
agissent comme des resistances en série sur le trajet du flux trans-
tubulaire d'eau. Au titre d'étape oréliminaire a l'étude de ces résis-
tances, une technique morphométrique est utilisée pour mesurer les
surfaces absolues et relatives des microvillosités de Ia bordure en
brosse et des parois cellulaires bordant les espaces intercellulaires
latéraux. Dans le tube proximal de lapin isolé et perfuse, les diffé-
rences entre les surfaces luminales et latérales ne sont pas statis-
tiquement significatives. Pous les tubes contournés proximaux et
les tubes droits proximant, respectivement, ces surfaces sont de 4,1
+ 0,3 et 2,6 + 0,2 s2/3 de volume de cellule épithCliate ou,
approximativement, 2,9 X 106 et 1,2 X 106 12/mm de tubule. La
bordure en brosse augmente Ia surface apicale d'un facteur 36 pour
le PCT et d'un facteur IS pour le PST. Les surfaces luminales et
latérales sont approximativement 20 et 10 fois plus grandes que Ia
surface de Ia membrane basale tubulaire. Ces résultats peuvent
avoir une importance dans le contexte d'un modèle de transport
intercellulaire.
In currently accepted models for fluid transport in
the proximal nephron, absorbed water and solutes
may pass from the tubule lumen via a paracellular
route directly through the so-called tight junction or
via a more complicated transcellular route. In the
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latter there is first a volume flux across the luminal
surface of the cells and then across the lateral cell
walls and into intercellular channels. Water move-
ment is passive and secondary to osmotic forces pre-
sumably generated by active solute transport at the
lateral cell walls. This report deals principally with
the cellular surface areas which would act as series
resistors to volume flow in the transcellular pathway.
Because neither the hydraulic conductivity nor the
surface areas of the luminal and lateral cell walls are
known, the magnitude of the forces necessary for
water movement across these series membranes is not
known with certainty. As a preliminary step in the
evaluation of these forces, we have used morphomet-
nc techniques to estimate the relative surface areas of
the brush border and lateral cell walls in electron
photomicrographs of isolated, perfused proximal
nephron segments from rabbit.
Methods
Female New Zealand white rabbits weighing 1 to 2
kg were anesthetized with sodium pentobarbital, 65
mg/kg i.v. Thin transverse slices were obtained rap-
idly from the left kidney and were immersed either in
rabbit serum (RS) (Microbiological Associates, Inc.,
Bethesda, MD) or in an isotonic standard medium
(SM) containing 115 mM NaC1, 5 mM KC1, 25 mM
NaHCO3, 10 mrvi Na acetate, 1.2 mrs'i NaH2PO4,
1.2 mvi MgSO4, 1.0 mvi CaCI, 5.5mM dextrose and 5%
rabbit serum. These solutions were chilled to 4°C and
were equilibrated with 95% 02-5% CO2. Segments of
proximal convoluted tubule (PCT) and proximal
straight tubule (PST) then were dissected from the
midcortical and j uxtamedullary zones, transferred
into RS in a thermostatically controlled chamber on
the stage of an inverted microscope and perfused by
techniques described in detail elsewhere [1, 2]. The
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distal end of the perfused tubule segment was
crimped and occluded in the tip of a distal pipet and
the transtubular hydrostatic pressure was set at 10 cm
H20 by adjusting the height of a fluid reservoir at-
tached to the perfusion pipet. Perfusate was identical
to SM except for the exclusion of rabbit serum. In
each study the bath temperature was increased to
37°C and the tubule accepted only if the epithelial
layer was intact throughout, the lumen widely patent
and the brush border distinct at a magnification of
X600.
Tissue preparation. After the tubule had been oc-
cluded distally and perfused for several minutes at
37°C, the bathing medium was exchanged rapidly for
a solution either of 0.9% glutaraldehyde in SM (300
5 mOsm) or of 1.0% glutaraldehyde in SM (420
5 mOsm). The chamber was washed vigorously with
several milliliters of fixative solution to prevent the
precipitation of serum proteins in the region of the
tubule. Following seven to ten minutes of fixation in
situ, the proximal end of the tubule was removed
from the proximal holding pipet by repeatedly ad-
vancing and retracting the perfusion pipet. The tip of
the distal pipet was broken and later cut from the
tubule. Tubule segments then were transferred in
fluid to 2 ml of glutaraldehyde solution at room tem-
perature and fixed for an additional period of not less
than three hours. Subsequently, the tissue was
washed in sucrose-phosphate buffer, postfixed in 2%
osmium tetroxide solution for 15 mm, dehydrated in
graded alcohols and embedded in epoxy resin (Epon)
by standard procedures. The tubules were oriented
parallel to the long axis of the Epon block. Ultrathin
sections were prepared using an ultramicrotome
(LKB), stained with uranyl acetate and lead citrate,
and mounted on 200-mesh grids. At least 50 ultrathin
sections were obtained per tubule and, when possible,
50 to 90 sections were taken from each of two to three
different tubule levels separated by a distance greater
than 50 i.
All sections were examined in an electron micro-
scope (Phillips 300) and were accepted for analysis on
the basis of the following criteria: a) patent lumen, b)
intact brush border, c) normal cytoplasmic archi-
tecture as judged by comparison to previously pub-
lished material from the rabbit [3-5] and d) more than
50% of the tubule circumference not obstructed by
grid bars or artifact. Because of imperfect tubule ori-
entation in the Epon blocks or, particularly in PCT
samples, because of tortuosity in the tubule segment,
some tubule sections varied markedly from a circular
configuration and were considered to be longitudinal
cuts. On this basis, an additional criterion was im-
posed. Otherwise acceptable tubules were excluded
from analysis if the ratio of greatest to least outer
tubule radius (a/b) was greater than 1.5 for "trans-
verse" sections or less than 5.0 for "longitudinal"
sections. An a/b ratio of 1.0 indicates a true trans-
verse section.
Suitable tubule sections were photographed at
>< 1920 and printed at a final magnification of ><4800.
At this magnification, an entire tubule cross-section
could be contained easily in a single 8 inch X 10 inch
print. Photographs were printed for high contrast so
that the intercellular spaces appeared as thin white
lines on a dark background.
Estimation of epithelial area. A transparent overlay
marked with a grid pattern of thin perpendicular and
parallel lines was fixed to each tubule photograph.
Grid lines were separated by a distance (D) of 2.56
mm and 35 to 90 lines crossed the tubule image in
each direction. The area of the photographed tubule
wall was calculated using a linear integration tech-
nique [6, 7] in which the total length of all grid lines
crossing cytoplasm and nuclei in one direction is
measured with a millimeter ruler. That total length
then was divided by the distance (D) between the grid
lines. In most of these and the subsequent studies a
line was drawn through the center of th tubule and
only one-half the tubule circumference was analyzed.
Relative area of lateral cell walls. In transmission
electron micrographs, the epithelial cells of the renal
proximal tubule are seen to contain a complex array
of thin intercellular channels bounded by lateral cell
membranes. The total surface area of these lateral cell
walls per unit volume of epithelium was calculated
using a statistical, intercept counting technique de-
scribed in detail by Smith and Guttman [7]. This
technique is similar to that employed previously to
estimate surface area of endoplasmic recticulum in
liver cells [8] and, as an illustrative procedure, to
calculate surface-volume relationships in kidney tu-
bules of the rat [9]. Briefly, the length of short tor-
tuous or random object lines (intercellular channels)
in a sampling area (tubule wall) is proportional to the
number of intersections between those object lines
and a superimposed set of parallel test lines of known
length and distance of separation. If the object lines
represent profile cuts of a surface structure (lateral
cell walls), the area of that surface per unit volume,
i.e., the membrane surface concentration, S, also
can be estimated. In practice, the following equation
was used to calculate Se,, of lateral cell walls in the
photographed kidney tubule sections:
S,, = (irCD/2)(1/LD)(M/1000)(4/ir)(2)
= CM/250L. (1)
In this equation, C is the number of intersections
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between intercellular channels and a total length L of
test lines separated by a distance D. irCD/2 is the
length of the intercellular channel profile and, when
multiplied by l/LD, is the length of channel in mil-
limeters per square millimeter of photographed area.
4/ir is the ratio for conversion of length per area to
area per volume [7]. M is the final magnification of
the photographic print and M/l000 is the factor for
conversion of millimeters to micrometers so that Sv is
in units of t2/t3. The final multiplication by two
arises from the fact that the object lines counted in
the photographs are intercellular channels faced by
two lateral cell walls.
Relative surface areas of brush border, lateral cell
walls and tubule basement membrane. The relationship
between the surface areas of different membranes in
the same test area can be estimated from the number
of intersections of each of the membranes with the
same set of test lines. Thus, in a given tubule section
the ratio of brush border or basement membrane
surface area to the area of lateral cell walls is related
to the ratio of the intersections with each of these
surface structures. Because a line intersection with an
intercellular channel or brush border microvillus ac-
tually counts two surface membranes while an inter-
section with the basement membrane counts only one
membrane, the surface concentration for basement
membrane is one-half that given by equation 1.
Area of basal cell surface. Near the basement mem-
brane the intercellular channels are separated by thin
fingers of cytoplasm. The plasma membrane at the
basal extreme of these cellular fingers is defined here
as the basal cell surface. It lies roughly parallel to and
generally appears to be in contact with the basement
membrane. Using a stereo microscope with microme-
ter eyepiece, the area of this basal cell surface was
measured directly at X25 magnification in photo-
graphed tubule sections.
Height and distribution of brush border microvilli. In
transverse tubule sections a set of parallel test lines
was placed perpendicular to a line through the center
of the tubule. Along each test line measurements were
made from the center line to the base of the brush
border and to the first intersection with a niicrovillus.
The areas occupied by lumen and brush border then
were calculated by linear integration. By assuming
that the tissue sections are truly circular and that the
brush border is a concentric ring, the radius of that
ring, and thus the average height of the brush border
microvilli (HRH), could be estimated.
To obtain an estimate of brush border surface area
independent of that obtained by the intersection-
counting technique, the number of microvilli in direct
continuity with a measured length of apical cell sur-
face was counted in each photograph. Using these
values for microvilli per unit length of apical surface
(BB/), the average microvillus height and the re-
ported value of approximately 1000 A for microvillus
diameter [10], the brush border surface area per unit
area of tubule lumen could be calculated. These re-
suits then were compared with those obtained by the
intersection-counting technique.
Tests for randomness and circular geometry. The ac-
curacy of the intersection-counting technique de-
pends heavily on the random orientation of the object
lines. This randomness is assured partially by the use
of circular or semi-circular tissue sections and by the
counting of intersections with two perpendicular sets
of test lines. Because longitudinal and ovoid sections
also were examined, however, the accuracy of all anal-
yses was tested by assuming first that the basement
membrane is the least random of the tubule struc-
tures and then by comparing the calculated basement
membrane length (LBM) to the length (LBM') meas-
ured directly using a micrometer scale or map-meas-
uring device. Using the number of grid line intercepts
(C) with basement membrane,
LBM = irCD/2. (2)
To test the validity of assuming truly circular or
semi-circular tissue sections in certain calculations,
direct measurements of basement membrane length
(LBM') also were compared to tubule circumferences
calculated from measured tubule area (A) on the
basis of that assumption, i.e.,
LHM" = 2/A = ir(O.D.). (3)
Data were evaluated by Student's I test and are
expressed as mean P values less than 0.05 are
considered to be significant.
Results
Three to five different photographs were suitable
for study in each of six PCT and six PST. Photo-
graphs of the same tubule were considered to be dif-
ferent if the nuclei varied in number or varied
markedly in shape. Four PCT were examined in both
transverse and longitudinal sections. In transverse
sections, the mean ratio of greatest to least tubule
radius was 1.20 for PCT and 1.14 for PST.
The general morphologic features of the proximal
tubule segments studied here are similar to those ob-
served previously in the rabbit [4, 5] and in the rat
[11]. Except for curvature, no differences between
transverse and longitudinal cuts were apparent. The
brush border accounts for approximately one-third
of the total cell height and the cytoplasm is seen to be
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subdivided by a complex array of thin intercellular
channels concentrated more densely near the base-
ment membrane. In PCT, both the brush border mi-
crovilli and the intercellular channels appear to be
evenly distributed along the apical and basal circum-
ferences. In PST, however, there are occasional 1 to 2
lengths of apical cell surface devoid of microvilli
and comparable lengths of basal cell surface devoid
of intercellular channels. No constant relationship
between these apical and basal "void" areas was ap-
parent. Channels near the cell base appear to be more
concentrated in PST than in PCT.
The quality of cellular fixation was similar when
isotonic or hypertonic fixative was employed. How-
ever, at the final magnification of X4800, the inter-
cellular channels after isotonic glutaraldehyde admin-
istration often appeared as very narrow lines and
often were difficult to count accurately. Because the
slight widening of the channels which results from use
of hypertonic fixative [4, 5, 12] greatly facilitated the
present analysis, only tubules fixed in the 1% glutaral-
dehyde solution are reported below.
Shown in Table 1 are the number of grid intercepts
with brush border microvilli (IBB), intercellular
spaces (lc) and tubule basement membrane (IBM)
and the calculated membrane surface concentrations
(Sv) of the lateral cell walls in each PCT and PST.
Because no consistent differences were found among
Table 1. Intersection counts and surface density S,, of lateral cell
walls, PCT and PST
Experiment IBB liCs IBM Sv2/3
PCT 13 1199 1316 113 5.1
14 1406 1620 230 4.3
23 1243 1290 160 3.2
24 1365 1353 139 3.5
25 1848 1965 158 4.7
37 1095 1028 134 3.8
Mean SEM 1359 1429 156 4.1 + 0.3
PST 9 976 1167 260 2.3
10 598 698 126 2.9
28 613 560 130 3.0
29 572 514 141 2.3
30 548 430 129 1.9
33 585 622 132 3.3
Mean SEM 649 665 153 2.6 + 0.2
WCT = proximal convoluted tubule, PST = proximal straight
tubule, 'BB = grid intercepts with brush border microvilli, 1cs =
intercellular spaces, IBM = tubulebasement membrane, S = calcu-
lated membrane surface concentrations.
transverse sections of varying a/b ratio or between
transverse and longitudinal sections of the same tu-
bule, the values listed are the mean of data from three
to five separate photographs. Paired differences be-
tween mean 1RB and 1S are not statistically different
from zero in either the PCT (P > 0.1) or the PST (P
> 0.7). Total surface area of brush border microvilli
thus is equal to the total area of the lateral cell walls
in both of these tubule segments. The difference be-
tween lateral wall surface concentrations (Sw) in PCT
(4,1 0.3 1,L/1,L) and PST (2.6 0.2 1,L2/3) is highly
significant (P < 0.001). The ratio of lateral wall to
basement membrane surface concentrations is 17.8 in
PCT and 8.6 in PST.
In 25 photographs from six PCT and 25 photo-
graphs from six PST, respectively, the directly meas-
ured basal cell surface was 86.8 + 1.2% and 89.3
1.1% of the basement membrane area. Differences
between PCT and PST are not statistically significant
(P> 0.1). Thus, the ratio of lateral wall to basal cell
surface areas is approximately 20.5 in PCT and 9.6 in
PST.
In Table 2 are shown the outer tubule diameter
(O.D.), the diameter to the base of the brush border
(I.D.), the height of the brush border (HBB) and the
distribution of microvilli (BB/t). The first three of
these were calculated by linear integration technique
in transversely cut tubule sections. BB/ was meas-
ured in all available photographs. The calculated
outer tubule diameters for PCT (39.4 0.91,1) and
PST (35.9 l.0) are somewhat smaller than those
reported previously for in vitro perfused tubule seg-
ments [2] and may indicate shrinkage during the fix-
ation and embedding processes. These values, and
those for HBB, thus may represent lower limits. While
microvillus distributions in PCT (3.4 0.2) and PST
(3.6 0.2) are not different, the difference between
HBB in PCT (2.8 0.21k) and that in PST (1.6 0.11,1)
is highly significant (P> 0.001).
Using the above-listed values for O.D., I.D. and S,
the total surface areas of both lateral cell walls and
brush border microvilli in each millimeter of tubule
length are 2.9 X 106 j2 in PCT and 1.2 X 106 /.12 in
PST.
Test for randomness. When the intersection-count-
ing technique is used to evaluate the dimensions of
short, tortuous and random object lines, the standard
error of the result is equal to the square root of the
number of intersections [8]. The error in the calcu-
lated values for Sv thus is less than 3% in PCT and
less than 4% in PST. However, because of the smaller
values for 'BM, error in the estimation of basement
membrane area might be greater than 8%. To eval-
uate this error and also to confirm indirectly the esti-
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PCT 13 38.4 26.8 3.0 2.8
14 35.8 25.6 2.8 2.6
23 42.2 26.4 2.6 3.8
24 39.8 22.0 2.8 3.4
25 40.8 23.0 3.7 4.1
37 39.2 28.0 2.1 3.4
Mean + SEM 39.4±0.9 25.3±0.9 2.8+0.2 3.4±0.2
PST 9 34.6 22.8 1.6 3.3
tO 33.4 21.4 1.5 4.4
28 34.8 26.6 1.4 3.3
29 37.8 28.8 1.1 3.6
30 40.0 30.6 1.7 3.4
33 35.0 26.8 2.0 3.6
Mean SEM 35.9+ 1.0 26.2+1.4 1.6±0.1 3.6±0.2
= proximal convoluted tubules, PST = proximal straight
tubules, O.D. = outside diameter, ID. = inside diameter, HBB =
height of the brush border, BB//2 = distribution of microvilli.
mates of S for lateral walls and brush border, the
length of the basement membrane also was measured
directly in each photograph. These direct measure-
ments (LBM') then were compared to those LBM calcu-
lated using equation 2. In comparisons from 24 pho-
tographs of both transverse and longitudinal tubule
sections, the difference between LBM and LBM' was 1.6
1.2% (range, —11.2 to + 17.6%). Paired differences
were not statistically significant (P > 0.1).
Test for circular geometry. Because the calculation
of O.D., I.D. and HBB are based on the assumption of
truly circular tubule sections (i.e., a/b = 1) tubule
circumferences LBM", calculated using equation 3,
were compared to the length of the basement mem-
brane (LBM') measured directly. In comparisons from
16 photographs, the difference between LBM" and
LBM' was 1.5 0.4% (range, —2.2 to +3.6%). Al-
though paired differences were statistically signifi-
cant, the small mean difference is considered to be
unimportant.
Confirmation for values of S,,. To confirm the re-
sults of the intersection-counting technique, the total
surface area of the brush border microvilli was calcu-
lated directly using the dimensions listed in Table 2.
In PCT, mean distribution of microvilli is 3.4 BB/1t
or 11.6 microvilli/t2 of apical cell surface. Using I.D.
= 25.3 t, the apical surface is 79.5 X 106 t2/mm of
tubule length so that each millimeter-length of PCT
contains approximately 9.2 X 10 microvilli. If one
now uses mean HBB = 2.8 and the reported diame-
ter of 1000 A for each microvillus ElOl, the total brush
border surface area is calculated to be 0.8 X 106 2/
mm of tubule length. Using similar calculations for
PST, in which 1.D. 26.2k, HBI3= 1.6 a and micro-
villus distribution is 3.6 BB/t, total surface area in
that segment is 0.5 X 106 t2/mm of tubule length.
Thus, the directly calculated areas in PCT and PST
are 3.6-and 2.4-fold smaller than those areas esti-
mated by intersection counting. However, differences
of this magnitude are not exceptionally large if one
considers the following: 1) In tubule sections having
an a/b ratio greater than 1, the brush border is cut at
an angle and HBH is overestimated according to the
cosine of the angle of the cut. However, the tendency
to underestimate HB8 probably is greater for the fol-
lowing reason. In most tubule sections, the majority
of microvilli are not cut longitudinally, i.e., most mi-
crovilli appear as circles or eclipses. Since this was
true even in circular tubular sections (a/b = 1), most
microvilli are not radially oriented over their entire
length but rather tend to bend and to compact them-
selves near the apical cell surface. The method used
here to estimate HBB is based on the assumption of
radial orientation for all microvilli and thus under-
estimates true microvillus length. Although this un-
derestimate is probably greater than the overestimate
caused by a/b I, the degree of overestimation and
the net difference between the two estimates cannot
be determined in the present studies. 2) To estimate
their distribution, only microvilli in continuity with
apical cytoplasm were counted. However, two to
three microvilli often were seen to arise from a com-
mon stalk at a point 0.2 to 0.5 distant from the
apical cell surface. While early stalk divisions were
counted, more distal divisions were not counted and
the estimated values might underestimate the actual
microvillus distribution by as much as 50%. For ex-
ample, in 11 PCT photographs small regions were
found in which all microvilli were cut longitudinally
over their entire length. In such regions the mean
microvillus density was 6.44t (range, 4.4 to l1.5/).
If a distribution of 6.4/it, rather than 3.4/pt, is used in
the above calculations, the results of the two different
methods for estimating brush border surface area in
PCT coincide exactly.
Discussion
Several authors have suggested that the complex
folding of the luminal and lateral cell membranes
greatly increases the surface area of the proximal
tubule epithelium and thus facilitates the trans-
tubular movement of large fluid volumes. This sugges-
tion is of particular interest in light of currently ac-
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cepted transport models such as those of Curran and
Macintosh [13] and Diamond and Bossert [14]. In
those models, the luminal and lateral cell wails are
series membranes. Solutes and water from the tubule
lumen first move passively across the luminal mem-
brane and then, because of active solute transport,
pass across the lateral membranes and into inter-
cellular channels. To date, little is known about the
physical properties of those series membranes. The
present studies were undertaken to evaluate their rela-
tive surface areas in a quantitative fashion.
By the techniques employed here, no consistent or
statistically significant differences are found between
the surface areas of the brush border and the lateral
cell walls in either the proximal convoluted or prox-
imal straight segments of the isolated, perfused rab-
bit nephron. in PCI these surface areas are 4.1 0.3
j2,/t.t3 of epithelial cell volume or, using the average
dimensions of the tubule segments, approximately 2.9
>< 106 t2/mm of tubule length. The brush border
enlarges the apical cell surface by 36-fold and the
luminal and lateral cell surfaces each are approx-
imately 20-fold greater than the area of both the basal
cell surface and the tubule basement membrane. In
PSI the luminal and lateral surface areas are 2.6
0.2 .t2/s3 or 1.2 X 106 ii2/mm. The apical cell surface
is enlarged 15-fold and the luminal and lateral sur-
faces are 10-fold larger than the basal cell surface and
basement membrane. Because the basal surface of the
cell is relatively quite small, the epithelial cells of the
proximal nephron may be viewed as having only two
principal surfaces of equal area, one surface facing
the lumen and one facing the presumed transport
channel, the lateral intercellular space.
Two of the findings reported here are of interest in
terms of transport phenomena in the proximal neph-
ron. First, there appears to be at least a rough correla-
tion between cell surface area and the volume of
transtubular flux. The greater surface area and vol-
ume flux in PCT than in PSI may indicate a relation-
ship between cellular architecture and cell function.
Second, if one assumes that the luminal and lateral
cell walls are similar not only in their areas but also in
their hydraulic conductivities, then passive forces
within the transporting cell would be distributed sym-
metrically. That is, forces for the movement of water
across both of the principal cell membranes might be
similar even though active transport of solute is im-
portant only over one of the membranes. This second
possibility, however, is highly speculative. Although
we presently consider the similarity in surface areas
of two presumed series membranes to be circum-
stantial evidence in favor of a similarity in the resist-
ances or hydraulic conductivities of those mem-
branes, no direct evidence to that effect is available.
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